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The establishment of cadherin-dependent cell–cell contacts in human epidermal keratinocytes are
known to be regulated by the Rac1 small GTP-binding protein, although the mechanisms by
which Rac1 participates in the assembly or disruption of cell–cell adhesion are not well under-
stood. In this study we utilized green fluorescent protein (GFP)-tagged Rac1 expression vectors to
examine the subcellular distribution of Rac1 and its effects on E-cadherin–mediated cell–cell
adhesion. Microinjection of keratinocytes with constitutively active Rac1 resulted in cell spreading
and disruption of cell–cell contacts. The ability of Rac1 to disrupt cell–cell adhesion was depen-
dent on colony size, with large established colonies being resistant to the effects of active Rac1.
Disruption of cell–cell contacts in small preconfluent colonies was achieved through the selective
recruitment of E-cadherin–catenin complexes to the perimeter of multiple large intracellular
vesicles, which were bounded by GFP-tagged L61Rac1. Similar vesicles were observed in nonin-
jected keratinocytes when cell–cell adhesion was disrupted by removal of extracellular calcium or
with the use of an E-cadherin blocking antibody. Moreover, formation of these structures in
noninjected keratinocytes was dependent on endogenous Rac1 activity. Expression of GFP-tagged
effector mutants of Rac1 in keratinocytes demonstrated that reorganization of the actin cytoskel-
eton was important for vesicle formation. Characterization of these Rac1-induced vesicles re-
vealed that they were endosomal in nature and tightly colocalized with the transferrin receptor,
a marker for recycling endosomes. Expression of GFP-L61Rac1 inhibited uptake of transferrin-
biotin, suggesting that the endocytosis of E-cadherin was a clathrin-independent mechanism. This
was supported by the observation that caveolin, but not clathrin, localized around these struc-
tures. Furthermore, an inhibitory form of dynamin, known to inhibit internalization of caveolae,
inhibited formation of cadherin vesicles. Our data suggest that Rac1 regulates adherens junctions
via clathrin independent endocytosis of E-cadherin.
INTRODUCTION
The establishment of cell–cell contacts in epithelial cells is
primarily mediated by the transmembrane Ca21-dependent
glycoprotein E-cadherin. The cadherins comprise a super-
family of cell surface adhesion receptors that include the E-,
P-, and N-cadherins. They display homophilic interactions
between molecules expressed on adjacent cells through their
extracellular domains. The conserved cytoplasmic tail inter-
acts with the actin cytoskeleton through a complex of pe-
ripheral membrane proteins including a-, b-, and g-catenins.
Cadherin function has been shown to be important in many
aspects of epithelial biogenesis. For example, spatial organi-
zation of most solid tissues in the body, maintenance of the
differentiated phenotype, establishment of epithelial cell po-
larity, wound healing, and tumorigenesis are all dependent
on cadherin-mediated cell–cell adhesion (reviewed in Gum-
biner, 1996). During development, cadherin regulation has
been shown to be important for tissue morphogenesis in
mouse, Drosophila, and Xenopus embryos (Fleming and John-
son, 1988; Levine et al., 1994; Uemura et al., 1996). These
morphogenic events involve the continual disruption and
reformation of adhesive contacts that usually result in major
changes in cell state or differentiation.
Several mechanisms have been implicated in the regula-
tion of cadherin-mediated adhesiveness including associa-
tion of the cytoplasmic domain of cadherins with catenins,
tyrosine phosphorylation of the cadherin–catenin complex,
and clustering of cadherins at the cell surface (reviewed in
Gumbiner, 2000). Accumulating evidence indicates a role for
Rho family GTPases in the regulation of cell–cell adhesion in
epithelial cells. Rho GTPases are well established as key
regulators of the actin cytoskeleton and studies in fibroblasts
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Figure 1. Expression of constitutively active Rac1 disrupts cell–cell contacts by recruitment of E-cadherin into large intracellular vesicles.
Keratinocytes cultured in normal growth medium were microinjected with cDNA constructs expressing GFP-tagged dominant negative Rac1
(GFP-N17Rac1; A–C) or GFP-tagged constitutively active Rac1 (GFP-L61Rac1; D–L). Cells were fixed and permeabilized (A–I) or fixed
without permeabilization (J–L) 16 h after microinjection and stained for E-cadherin (B, E, and K) or desmoplakin-1 (H). Distribution of
GFP-L61Rac1 and E-cadherin, or desmoplakin-1 was compared by merging images (C, F, I, and L). Images are from 0.4-mm sections taken
4.4 mm from basal surface of the cell. Keratinocyte colony size was ,60 cells in all cases. Scale bar, 10 mm.
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have demonstrated that Rho, Rac1, and Cdc42 induce dis-
tinct actin structures (Hall, 1998). In MDCK cells, expression
of constitutively activated Rac1 results in increased accumu-
lation of E-cadherin, b-catenin, and actin at sites of cell–cell
contacts (Ridley et al., 1995; Takaishi et al., 1997). Similarly, in
Drosophila epithelial cells, activation of Rac1 has been shown
to recruit actin to sites of cell–cell contacts (Eaton et al., 1995;
Harden et al., 1995). Tiam-1, an exchange factor for Rac1, has
been shown to localize to cell–cell contacts and prevent
HGF-induced cell scattering of MDCK cells, which is con-
sistent with the observation that activated Rac1 increases
E-cadherin–mediated cell adhesion (Hordijk et al., 1997).
However, in a separate study involving MDCK cells, HGF-
mediated disruption of adherens junctions was inhibited by
dominant negative Rac1 (Potempa and Ridley, 1998). In
human epidermal keratinocytes, a number of studies have
revealed apparently complex roles for Rac1 in adherens
junction assembly and disassembly, dependent on both
junctional maturity and cellular context (Braga et al., 1997,
1999, Akhtar et al. 2000). It therefore appears that Rac1 can
regulate both assembly and disassembly of adherens junc-
tions. Dynamic rearrangement of adherens junctions is a
critical step for various physiological processes, and it is
tempting to speculate that Rac1 may modulate both disrup-
tion and assembly of cell contacts in the same cell type via
different mechanisms. In support of this, a dominant active
form of Rac1 when expressed in MDCK cells can either
promote or prevent E-cadherin–mediated cell adhesion,
which is dependent in an extracellular matrix–dependent
manner (Sander et al., 1998).
Although Rac1 can regulate cell–cell adhesion through
reorganization of the actin cytoskeleton, recent evidence also
implicates a direct role for Rac1 and Cdc42 at sites of cell–
cell contact. IQGAP1, a target of Cdc42 and Rac1, was shown
to localize and interact with E-cadherin and b-catenin at
sites of cell–cell contact. IQGAP1 effectively competes with
a-catenin for binding to cadherin–catenin complexes, result-
ing in dissociation of a-catenin from the complex and de-
creased cell–cell adhesion. Rac1 and Cdc42 negatively reg-
ulate IQGAP1 function by inhibiting the interaction of
IQGAP1 with b-catenin, thus rendering the a-catenin bind-
ing site free on cadherin–catenin complexes and thus stabi-
lizing adhesion (Kuroda et al., 1998, Fukata et al., 1999). This
model supports a positive role for Rac1 and Cdc42 in regu-
lating cadherin–mediated cell–cell adhesion but does not
serve to explain how activated Rac1 mediates cell–cell dis-
ruption in some epithelial cell lines.
A number of reports indicate that the Rho family GTPases
are involved in regulating endocytic traffic (reviewed in Ellis
and Mellor, 2000). Microinjection of constitutively activated
forms of RhoA and Rac1 has been reported to block clathrin-
mediated endocytosis of the transferrin receptor in fibro-
blasts (Lamaze et al., 1996). Activated Rac1 has also been
shown to increase fluid-phase pinocytic activity (Ridley et
al., 1992), and RhoA stimulates clathrin-independent endo-
cytosis in Xenopus oocytes (Schmalzing et al., 1995). In addi-
tion, RhoD has been shown to regulate the trafficking of
early and recycling endosomes and also localizes to these
vesicles (Murphy et al., 1996). RhoB is associated with struc-
tures that resemble multivesicular bodies and has been
shown to regulate EGF receptor trafficking (Robertson et al.,
1995, Gampel et al., 1999). The mechanisms involved in
intracellular trafficking of cadherins are as yet not clear,
although a recent study reported that E-cadherin can be
endocytosed and recycled back to the cell surface of MDCK
cells and that this may occur via a clathrin-dependent mech-
anism (Le et al., 1999).
We recently reported that a constitutively active form of
Rac1 induces formation of large intracellular vesicles around
which Rac1 and E-cadherin tightly colocalize (Akhtar et al.,
2000). In this article we sought to identify the nature of these
vesicles and analyzed the role of Rac1 in endocytosis of
E-cadherin. We demonstrate that Rac1 depletes levels of
E-cadherin at sites of cell–cell contact by inducing clathrin-
independent internalization of E-cadherin at the cell surface
and discuss possible roles of Rac1 in the dynamic rearrange-
ment of E-cadherin–mediated cell–cell adhesion.
MATERIALS AND METHODS
Cell Culture
SCC12f keratinocytes were cultured on a feeder layer of mitotically
inactivated 3T3 fibroblasts in FAD medium (Imperial Labs, Ando-
ver, United Kingdom) supplemented with 10% fetal bovine serum
(Imperial Labs) and 0.5 mg ml21 hydrocortisone (Calbiochem, Not-
tingham, United Kingdom) as described previously (Rheinwald and
Green, 1975; Hotchin et al., 1993). Cell–cell adhesion was disrupted
by culturing keratinocytes in low (0.1 mM) calcium FAD supple-
mented with calcium-free fetal bovine serum for 4–12 h, depending
on colony size. Alternatively, E-cadherin–mediated cell–cell adhe-
sion was disrupted by exogenous addition of antibodies to E-cad-
Figure 2. Vesicle formation is not a consequence of microinjection
or overexpression of GFP-L61Rac1 relative to endogenous Rac1. To
compare expression levels of exogenous GFP-Rac1 relative to en-
dogenous Rac1 keratinocytes were microinjected with a cDNA con-
struct expressing GFP-L61Rac1 (A) and costained with an antibody
that recognizes Rac1 (B). Large established colonies of noninjected
keratinocytes (.200 cell size) were also fixed and stained with an
antibody to E-cadherin. Cells at the colony edge were photographed
to demonstrate the presence of E-cadherin–positive vesicles in non-
injected keratinocytes (C). Scale bar, 10 mm.
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herin (HECD-1, 10 mg ml21) for 12 h. In some experiments protein
synthesis was blocked using 10 mM cycloheximide treatment for 30
min before placing cells in low-calcium medium. In other experi-
ments cells were treated with 10 mM cytochalasin D for 30 min to
inhibit actin polymerization. SCC12f cells exhibit growth and dif-
ferentiation characteristics similar to those observed in primary
keratinocytes and were used in preference to primary keratinocytes
because they are more amenable to nuclear microinjection (Rhein-
wald and Beckett, 1981; Akhtar et al., 2000).
Antibodies
Antibodies against myc (9E10), E-cadherin (HECD-1), a-catenin
(VB-1), b-catenin (VB-2), and g-catenin (VB-3) were gifts from Fiona
Watt (ICRF, London). Antibodies to the sarcoplasmic and endoplas-
mic reticular calcium ATPase (Y1F4) and CD63 (VBM-5) were gifts
from Francesco Michelangeli and Fedor Berditchevski (University
of Birmingham, United Kingdom). Antibody to desmoplakin 1
(DP-1) was a gift from Tony McGee (NIMR, London). Commercial
sources of antibodies were: Rac1, E-cadherin, EEA1, caveolin
(Transduction Laboratories, Lexington, KY); transferrin receptor
(Labvision Corporation, Fremont, CA); dynamin (Upstate Biotech-
nology, Lake Placid, NY). Primary antibodies were detected using
Texas Red–conjugated goat anti-mouse, anti-rabbit IgG or donkey
anti-goat IgG (Jackson ImmunoResearch Laboratories, West Grove,
PA) or horseradish peroxidase–conjugated goat anti-mouse, anti-
rabbit IgG (Amersham, Amersham, United Kingdom). Filamentous
actin was visualized using Texas Red–conjugated phalloidin (Mo-
lecular Probes, Eugene, OR).
Construction of GFP-tagged Rac1 Vectors
Construction of constitutively activated (L61) and dominant nega-
tive (N17) green fluorescent protein (GFP) Rac1 vectors has been
described in detail elsewhere (Akhtar et al., 2000). In brief,
pCDNA3-GFP-Rac1 expression vectors were constructed by linking
GFP from pCdc2MmGFP (Zernicka-Goetz et al., 1996) to the amino
terminus of N17 and L61 Rac1 cDNA (Ridley et al., 1992) with a
Figure 3. Colocalization of GFP-L61Rac1 and
catenins around vesicles. Keratinocytes cultured in
normal growth medium were microinjected with a
cDNA construct expressing GFP-L61Rac1. Sixteen
hours after injection cells were fixed, permeabilized,
and stained with antibodies to a-, b- or g-catenin (B,
D, and F, respectively). GFP-L61Rac1–expressing
cells were detected by GFP expression (A, C, and E).
Images are from 0.4-mm sections taken 4.4 mm from
basal surface of the cell. Scale bar, 10 mm.
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-Gly-Gly-Gly-Ser- linker in between. Biological activity of the con-
structs was established by transfection of 293T cells and microinjec-
tion of Swiss 3T3 fibroblasts and MDA-MB-231 epithelial cells
(Akhtar et al., 2000). Intracellular localization of GFP-Rac1 con-
structs in SCC12f keratinocytes was consistent with that seen with
myc-tagged Rac1 fusion constructs (Robertson et al., 1995; Akhtar et
al., 2000). GFP-tagged Rac1 effector mutants were constructed by
subcloning L61A37 Rac1 and L61C40 Rac1 from pGEX2T (Lamarche
et al., 1996) into pCDNA3-GFP-Rac1 using appropriate restriction
sites. The sequence of each construct was verified by DNA sequenc-
ing.
Immunoblotting
Protein lysates were prepared from SCC12f keratinocytes cultured
in normal calcium FAD or low-calcium FAD medium. Proteins were
separated by SDS-PAGE, transferred to PVDF membrane (Milli-
pore), immunoblotted with antibodies to E-cadherin or anti-myc,
Figure 4. Rac1 function is dependent on stability of
cadherin-dependent contacts. Keratinocytes cul-
tured in normal growth medium (.200 cells/col-
ony) were microinjected with a cDNA construct ex-
pressing GFP-L61Rac1. Sixteen hours after injection
cells were either maintained in normal growth me-
dium (A and B) or switched to low-calcium medium
for 6 h (C and D) and costained for E-cadherin (B
and D). GFP-L61Rac1–expressing cells were visual-
ized by GFP expression (A and C). Scale bar, 10 mm.
To quantitate vesicle formation cell counts were per-
formed on small (,60 cells/colony) or large (.200
cells/colony) colonies expressing GFP-L61Rac1 in
normal growth medium (1Ca21) or in low-calcium
medium (2Ca21). GFP-L61Rac1–expressing cells
were scored positive if they contained a single large
(.1 mm) vesicle. Data are mean 1 SD from three
experiments, with a minimum of 50 injected cells
counted per experiment.
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and detected by chemiluminescence as described previously
(Hotchin and Hall, 1995).
Microinjection
The GFP-tagged Rac1 constructs were introduced into SCC12f ker-
atinocytes by nuclear microinjection, as described previously
(Akhtar et al., 2000). Cells were incubated for 16 h postinjection to
allow expression. In some experiments cells were injected with a
cDNA expressing an inhibitory (K44A) form of dynamin I (kindly
provided by Harry Mellor, University of Bristol).
Immunohistocytochemistry
Expression and distribution of various proteins were visualized by
indirect immunofluorescence. Keratinocytes cultured on glass cov-
erslips were fixed for 10 min in PBS containing 4% (wt/vol) para-
formaldehyde, washed with PBS, and permeabilized using PBS
containing 0.2% (vol/vol) Triton X-100 (Sigma, St. Louis, MO). After
permeabilization, the coverslips were incubated with primary and
Texas Red–conjugated secondary antibodies as described previ-
ously (Akhtar et al., 2000). Immunostained cells were visualized
using a Leica DMRB microscope (Deerfield, IL) and images pro-
cessed using OpenLab software (Improvision, Coventry, United
Kingdom).
Fluid-Phase and Receptor-mediated Uptake Assays
Fluid-phase uptake in SCC12F keratinocytes was assessed by addi-
tion of Texas Red–conjugated Dextran (Molecular Probes) to the cell
culture medium (final concentration, 1 mg ml21) after microinjection
of cells and left for 16 h. Uptake of dye into Rac-induced vesicles
was detected in live cells without fixation or permeabilization,
whereas pinocytic uptake of fluid phase markers was detected in
cells that were rinsed in PBS and fixed in 4% (wt/vol) paraformal-
dehyde. Uptake of transferrin was assessed by addition of trans-
ferrin-biotin (Sigma) to the cell culture medium containing 1%
(wt/vol) bovine serum albumin (final concentration, 10 mg ml21) for
2 h, followed by detection with Texas Red–conjugated streptavidin
(Jackson ImmunoResearch Laboratories).
RESULTS
GFP-L61Rac1 Disrupts Cell–Cell Contacts by
Recruitment of E-Cadherin–Catenin Complexes into
Large Intracellular Vesicles
We have previously reported that microinjection of consti-
tutively activated GFP-Rac1 induces cell spreading, mem-
brane ruffles, and large intracellular vesicles in SCC12f ker-
atinocytes and tightly colocalizes with E-cadherin at these
sites (Akhtar et al., 2000). We therefore investigated whether
recruitment of E-cadherin around intracellular vesicles by
GFP-L61Rac1 affects levels of E-cadherin at sites of cell–cell
contacts. Microinjection of GFP-L61Rac1 resulted in relocal-
ization of E-cadherin to the perimeter of large intracellular
vesicles as previously shown and a marked reduction in
levels of E-cadherin at sites of cell–cell adhesion (Figure 1,
D–F). Consistent with our previous study, levels of E-cad-
herin at cell junctions were not altered in cells microinjected
with dominant negative GFP-Rac1 (Figure 1, A–C). Other
cell adhesion molecules including CD44 (our unpublished
results) and desmoplakin-1, a component of desmosomal
junctions (Figure 1, G–I) did not colocalize with GFP-
L61Rac1 in vesicles, indicating that this recruitment was
specific to E-cadherin. To assess whether the E-cadherin–
bounded vesicles were intracellular, we stained GFP-
Figure 5. Disruption of cell–cell contacts results in
vesicle formation and redistribution of E-cadherin
and endogenous Rac1 to the perimeter of these ves-
icles. Small keratinocyte colonies (,60 cells/colony)
were cultured in normal medium (A and D) or in
low-calcium medium to disrupt cell–cell adhesion
(B and C). Alternatively cell–cell adhesion in cells
cultured in normal medium was disrupted by addi-
tion of antibody to E-cadherin (HECD-1) for 12 h
(D). Cells were stained with antibodies to E-cad-
herin (A, B, and D) or Rac1 (C). Images are from
0.4-mm sections taken 4.8 mm from basal surface of
the cell. Scale bar, 10 mm.
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L61Rac1–injected cells for E-cadherin without permeabiliza-
tion of the cells. Under these conditions E-cadherin was
found to colocalize with GFP-L61Rac1 in a few cell surface
vesicles (Figure 1, J–L), thus indicating that the remaining
Rac1–bounded vesicles were intracellular. This was in com-
parison to cells permeabilized with Triton X-100, where
E-cadherin was found to colocalize with GFP-L61Rac1
around most of the vesicles (Figure 1, D–F).
To address the possibility of vesicle formation occurring
as a consequence of overexpression of GFP-L61Rac1, we
microinjected keratinocytes with pCDNA3-GFP-L61Rac1
and compared expression of this construct to endogenous
Rac1 expression by staining injected and noninjected cells
with an antibody to Rac1 (Figure 2). Although some non-
specific staining was observed with this antibody, the level
of Rac1 expression in cells injected with pCDNA3-GFP-
L61Rac1 was not significantly higher than expression of
endogenous Rac1 (Figure 2, A and B). Significantly, E-cad-
herin–positive vesicles are also observed in cells situated at
the edge of large keratinocyte colonies (.200 cells), suggest-
ing that these vesicles are a normal feature of keratinocytes
(Figure 2C).
We analyzed whether other components of cadherin junc-
tions were also recruited around the Rac-induced vesicles.
We demonstrated that a-, b-, and g- catenins all colocalize
with GFP-L61Rac1 around the perimeter of the vesicles (Fig-
ure 3). Thus our data suggest that components of cadherin–
catenin complexes are specifically redistributed around in-
tracellular vesicles in response to constitutive Rac activation,
and this results in disruption of cell–cell contacts.
Ability of Rac1 to Induce Vesicles and Disrupt Cell–
Cell Contacts Is Dependent on Stability of Cadherin
Junctions
As keratinocyte colonies reach confluency, they generally
display increased adhesiveness at sites of cell–cell contacts,
which is associated with increased stabilization of cadherin
complexes at the cell surface (Shore and Nelson, 1991). It has
been previously reported that the ability of dominant nega-
tive Rac1 to disrupt cell–cell contacts in human epidermal
keratinocytes is dependent on the maturation status of cad-
herin junctions (Braga et al., 1999). We therefore examined
the effects of GFP-L61Rac1 on cell contacts in large colonies
of SCC12f keratinocytes. Cells that were part of a large
cell-sized colony (.200 cells) were microinjected with GFP-
L61Rac1 in standard calcium-containing medium and 16 h
later were costained for E-cadherin (Figure 4, A and B). Our
results demonstrate that in large colonies, when cadherin
junctions are stable, GFP-L61Rac1 is no longer capable of
inducing vesicle formation, cell spreading, or disruption of
cell–cell contacts as in smaller sized colonies (,60 cells).
However, extensive membrane ruffling was observed indi-
cating that the GFP-L61Rac1 was still active in these cells
(Figure 4A). In our previous study we demonstrated that
when cells are switched to low-calcium medium or incu-
bated with the HECD-1 antibody to disrupt cadherin-depen-
dent contacts, GFP-tagged Rac1 is redistributed away from
sites of cell–cell adhesion (Akhtar et al., 2000). We therefore
questioned whether the ability of Rac1 to induce vesicles
was dependent on localization of Rac1 within the cell. Cells
in confluent colonies were microinjected with pCDNA-GFP-
Figure 6. Dominant negative Rac1 inhibits vesicle
formation in cells cultured in medium containing
low calcium. Keratinocytes cultured in normal
growth medium were microinjected with DNA con-
structs expressing GFP alone (A and B) or GFP-
tagged N17Rac1 (C and D). Sixteen hours after in-
jection, cells were switched to low-calcium medium
for 4 h and costained for E-cadherin (B and D).
Images are from 0.4-mm sections taken 4.8 mm from
basal surface of the cell. Scale bar, 10 mm.
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L61Rac1, left for 16 h to allow expression, and then switched
to low-calcium medium for 6 h to disrupt cadherin junc-
tions. Under these conditions GFP-L61Rac1 relocalized from
sites of cell–cell contacts and was now capable of inducing
cell spreading and vesicle formation, with colocalization of
GFP-L61Rac1 and E-cadherin observed in these vesicles
(Figure 4, C and D). Cell counts revealed that when GFP-
L61Rac1 was injected into cells that were part of smaller
colonies (,60 cells), ;40–50% of the injected cells contained
vesicles, and this number was increased to almost 100%
when injected cells were switched to low-calcium medium
to disrupt cell contacts. In large colonies (.200 cells) cul-
tured in standard medium, only 4–5% of cells injected with
GFP-L61Rac1 contained vesicles, whereas ;90% of the injected
cells in large colonies contained vesicles when switched to low
calcium (Figure 4E). Thus, our results demonstrate that GFP-
L61Rac1 function in SCC12f is determined by the stability and
maturity of cadherin junctions and that relocalization of Rac1
within the cell is linked to vesicle formation.
Disruption of Cell–Cell Contacts Induces Vesicle
Formation that Is Dependent on Endogenous Rac1
Activity
During the course of our experiments we observed that
E-cadherin–containing vesicles are present in a small pro-
portion of noninjected SCC12f keratinocytes (;5%), suggest-
ing that formation of these structures is a normal physiolog-
ical response. These vesicles are usually evident in
preconfluent cells and disappear as the colony size increases,
although cells at the edge of larger colonies frequently have
E-cadherin–positive vesicles (Figure 2C). We therefore ana-
lyzed whether formation of these vesicles was similarly
dependent on the maturity of cadherin junctions. Cells (,60
cell colonies) were either grown in standard calcium me-
dium (Figure 5A) or switched to low-calcium medium for
4 h to disrupt cell–cell contacts (Figure 5B) and stained for
expression of E-cadherin. In colonies where cell–cell adhe-
sion was disrupted by reducing extracellular calcium, ;50%
of the cells demonstrated formation of E-cadherin–positive
vesicles (Figure 5B). Significantly, localization of endoge-
nous Rac1 was also observed around these vesicles (Figure
5C, arrowed cell). To confirm that vesicle formation was a
result of disrupting cadherin-dependent contacts, SCC12fs
were incubated with the HECD-1 antibody to disrupt junc-
tions in standard calcium medium. As with cells cultured in
low-calcium medium, E-cadherin–positive vesicles formed
in ;50% of cells in which cell–cell adhesion was disrupted
by addition of HECD-1 (Figure 5D).
To analyze whether vesicle formation in noninjected ker-
atinocytes was a result of endogenous Rac1 activity, cells
were microinjected with either pCDNA3-GFP as a control or
with pCDNA3-GFP-N17Rac1 to block endogenous Rac ac-
tivity. Cells were cultured in standard medium for 16 h to
allow expression from the plasmid and then switched to
low-calcium medium for 4 h to induce vesicles. Expression
of GFP-N17Rac1 resulted in significant inhibition of vesicle
formation in low calcium with only 10% of the injected cells
containing vesicles (Figure 6, C–D), whereas 50% of the cells
injected with the control GFP construct demonstrated the
low-calcium–induced vesicles (Figure 6, A and B).
Thus, the recruitment of E-cadherin around vesicles in
response to junctional disruption is a normal physiological
response in SCC12f keratinocytes and is controlled by en-
dogenous Rac1 activity.
E-Cadherin Recruited around Vesicles Represents a
Preexisting Stable Pool within the Cell
To determine whether de novo protein synthesis was required
for recruitment of E-cadherin to the vesicles, we added cyclo-
heximide 30 min before switching cells to low-calcium me-
dium. Under these conditions levels of E-cadherin were unaf-
fected, consistent with a known half-life of 5 h in epithelial cells
(Shore and Nelson, 1991; Figure 7C, lanes 1–4). In control
experiments, expression level of c-Myc, was found to rapidly
decrease upon treatment of cells with cycloheximide, which is
consistent with a known half-life of 30 min (Hann and Eisen-
man, 1984; Figure 7C, lanes 5–8). To induce vesicle formation,
cells were switched to low-calcium medium, and localization
of E-cadherin was visualized by indirect immunofluorescence
(Figure 7). E-cadherin was recruited to the vesicles in cyclohex-
imide-treated cells (Figure 7B), indicating that the source of
E-cadherin was derived from a preexisting pool that was relo-
calized within the cell. Thus, our data indicate that recruitment
Figure 7. Cycloheximide treatment does not block localization of
E-cadherin to intracellular vesicles. Keratinocytes cultured in nor-
mal growth medium were treated with cycloheximide to block
protein synthesis (B) or left untreated (A) and switched to low-
calcium medium for 4 h to induce vesicles. Cells were fixed and
stained for E-cadherin expression. Images are from 0.4-mm sections
taken 4.4 mm from basal surface of the cell. Scale bar, 10 mm. To
control for activity of cycloheximide¤ keratinocyte lysates were
prepared from cells treated with cycloheximide (1CHX) or left
untreated (2CHX) and subsequently were maintained in normal
growth medium (1Ca21) or switched to low-calcium medium
(2Ca21). Fifteen micrograms of protein from each lane was resolved
by SDS-PAGE, Western blotted, and immunoblotted with antibody
to E-cadherin (C, lanes 1–4) or c-myc (C, lanes 5–8).
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of E-cadherin to the vesicles formed in response to junctional
disruption does not require de novo protein synthesis.
Actin Reorganization by Rac1 Is Important for
Vesicle Formation
To analyze further how Rac1 regulates vesicle formation in
keratinocytes, we asked whether modulation of the actin
cytoskeleton was necessary for vesicle formation. In SCC12f
cells microinjected with pCDNA3-GFP-L61Rac1 and
costained with Texas Red–conjugated phalloidin, actin was
found to colocalize with GFP-L61Rac1 around many, though
not all, of the vesicles (Figure 8, A–C). Cytochalasin D treat-
ment of cells expressing GFP-L61Rac1 resulted in a signifi-
cant decrease in the numbers of vesicles present in cells
(Figure 8, D–F). This suggests that actin reorganization may
be essential for vesicle formation but not necessarily the
subsequent maintenance of vesicles. To further assess the
requirement of actin for vesicle formation, we used effector
mutants of Rac1. In a previous study it was demonstrated
that a F37A (A37) point mutation within the effector loop of
L61Rac1 rendered it defective in its ability to induce cy-
toskeletal changes in fibroblasts (Lamarche et al., 1996). By
contrast a Y40C (C40) point mutation within the effector
loop resulted in a L61Rac mutant that was impaired in its
signaling function to PAK and JNK but was still capable of
reorganizing the actin cytoskeleton. We constructed GFP-
tagged versions of these effector mutants of Rac1 and mi-
croinjected SCC12f keratinocytes with these constructs. We
found that GFP-L61A37Rac1 does not induce vesicle forma-
tion when injected into SCC12f keratinocytes (Figure 9, A
and B). Cell counts revealed that only 4–5% of the injected
cells contained vesicles, compared with ;50% of cells in-
jected with GFP-L61Rac1 (Figure 9E). Cells injected with
GFPL61C40Rac demonstrated extensive vesicle formation,
with colocalization of the Rac effector mutant and actin
around many, but not all, of the vesicles (Figure 9, C and D).
Cell counts revealed that ;80% of the injected cells con-
tained vesicles (Figure 9E). This is higher than that seen for
cells expressing GFP-L61Rac1 and might reflect the fact that
more of the C40 mutant is available because it is able to bind
only a limited number of effectors compared with L61Rac1.
Thus, our results indicate that reorganization of the actin
cytoskeleton by Rac1 is essential for vesicle formation.
Rac-induced Vesicles Contain a Marker for
Recycling Endosomes
To determine the origin of the large vesicular structures and
to give an indication of the membrane trafficking pathway
utilized by Rac1 to internalize E-cadherin, we analyzed
whether markers for endoplasmic reticulum (ER), early/
recycling endosomes, or late endosomes/lysosomes colocal-
ized with GFP-L61Rac1 around the vesicles. We also ana-
Figure 8. Colocalization of actin and GFP-L61Rac1 around vesicles. Keratinocytes cultured in normal growth medium (,60 cells/colony)
were microinjected with a DNA construct expressing GFP-tagged L61Rac1. Sixteen hours after injection, cells were treated with cytochalasin
D for 30 min (D–F) or left untreated (A–C). Cells were fixed and stained for filamentous actin using Texas Red–conjugated phalloidin (B and
E). Cells expressing the GFP-L61Rac1 construct were detected by GFP expression (A and D), and localization was compared by merging
images (C and F). Images are from 0.4-mm sections taken 4.0 mm from basal surface of the cell. Scale bar, 10 mm.
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lyzed uptake of fluid-phase markers and transferrin-biotin
in GFP-L61Rac1–injected cells.
No colocalization of GFP-L61Rac1 with markers of ER
(SERCA) or late endosomes (CD63) was observed (Figure 10,
A–C and M–O). Colocalization of GFP-L61Rac1 and an early
endosome marker (EEA1) was observed in some, though not
all, of the vesicles (Figure 10, D–F). Strong colocalization of
GFP-L61Rac1 and transferrin receptor, a marker of recycling
endosomes, was observed around the majority of the Rac-
induced vesicles (Figure 10, G–I). Studies in CHO cells and
Hep2 cells have shown that 75–80% of the transferrin recep-
tor is in perinuclear recycling endosomes at steady state
(Mayor et al., 1993; Ghosh and Maxfield, 1995). We find that
in noninjected SCC12f keratinocytes, the bulk of transferrin
receptor was similarly localized to a perinuclear compart-
ment (Figure 10H). However, in cells microinjected with
GFP-L61Rac1, transferrin receptor was translocated to the
periphery of the cell and was found concentrated at the
perimeter of the large Rac-induced vesicles (Figure 10H,
arrowhead). Colocalization of GFP-L61Rac1 and transferrin
receptor was also observed in membrane ruffles at the cell
surface (Figure 10, J–L). Vesicles induced by disrupting cell
Figure 9. Vesicle formation is an actin-dependent
process. Keratinocytes cultured in normal growth me-
dium (,60 cells/colony) were microinjected with
DNA constructs expressing GFP-L61A37Rac1 (A and
B) or GFPL61C40Rac1 (C and D). Sixteen hours after
injection, cells were fixed and stained with Texas Red–
conjugated phalloidin (B and D). Expression of the
Rac1 constructs was visualized by expression of GFP
(A and C). Images are from 0.4-mm sections taken 4.4
mm from basal surface of the cell. Scale bar, 10 mm.
Cells counts were performed on cells microinjected
with DNA constructs expressing GFP-L61Rac1, GFP-
L61C40Rac1, or GFPL61A37Rac1. Injected cells ex-
pressing each construct were scored positive if they
contained one or more large (.1 mm) vesicles. Data are
mean 1 SD from three experiments, with a minimum
of 50 injected cells counted per experiment.
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Figure 10. Characterization of Rac1-induced vesicles. Keratinocytes cultured in normal growth medium were microinjected with a DNA
construct expressing GFP-tagged L61Rac1. Sixteen hours after injection cells were fixed and stained for an ER marker (SERCA, B), an early
endosome marker (EEA1, E), transferrin receptor (H and K), and a marker of late endosomes (CD63, N). Expression of injected constructs was
visualized by expression of GFP (A, D, G, J, and M), and localization was compared by merging images (C, F, I, L, and O). Images are from
0.4-mm sections taken 4.4 mm from basal surface of the cell, except for J–L, which were taken 5.6 mm from basal surface of the cell. Scale bar,
10 mm.
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contacts in low-calcium medium also contained transferrin
receptor (our unpublished results).
To determine the endocytic mechanism employed by
Rac, we monitored uptake of biotinylated transferrin after
expression of GFP-L61Rac1. When keratinocytes were mi-
croinjected with pCDNA3-GFP-L61Rac1, we found that
uptake of transferrin-biotin was markedly reduced in cells
expressing GFP-L61Rac1 compared with noninjected
cells, where transferrin-biotin localized to perinuclear
vesicles (Figure 11, A–C). Transferrin is known to be
internalized via a clathrin-dependent mechanism (re-
viewed in Mellman, 1996), and expression of constitu-
tively active Rac1 has been reported to inhibit clathrin-
mediated endocytosis in HeLa cells (Lamaze et al., 1996);
therefore, our data point toward a clathrin-independent
mechanism for Rac-mediated endocytosis of E-cadherin.
By contrast, fluid phase uptake of Texas Red– conjugated
dextran was not inhibited in cells expressing GFP-
L61Rac1, and we observe increased pinocytosis in cells
expressing GFP-L61Rac1 compared with noninjected cells
(Figure 11, G–I). In addition, in cells imaged live without
fixation or permeabilization, we observe incorporation of
fluid phase dye in vesicles induced by expression of GFP-
L61Rac1, indicating that the vesicles we observe arise
from internalized cell surface membrane (Figure 11, D–F).
To analyze further the origin of the Rac1-dependent ves-
icles in keratinocytes, we coinjected keratinocytes (colony
size , 60 cells) with cDNAs expressing GFP-L61Rac1 and a
dominant negative form (K44A) of dynamin. Unlike the
situation in cells expressing GFP-L61Rac1 alone, coexpres-
Figure 11. Fluid phase uptake of transferrin and Texas Red dextran. Keratinocytes cultured in normal growth medium (,60 cells/colony)
were microinjected with pCDNA-GFP-L61Rac1 (A, D, and G). Uptake of Texas Red dextran (E and H) and biotinylated transferrin (B) was
assessed as described in MATERIALS AND METHODS. Incorporation of Texas Red into Rac-induced vesicles was monitored in live cells
without fixation or permeabilization (D–F). Merged images show distribution of GFP-L61Rac1 (in green) and transferrin biotin or Texas Red
biotin (in red). Scale bar, 10 mm
N. Akhtar and N.A. Hotchin
Molecular Biology of the Cell858
sion of GFP-L61Rac1 and dominant negative dynamin did
not lead to disruption of junctions, as determined by stain-
ing with a pan-cadherin antibody (Figure 12, A–C). In a
separate experiment, cells cultured in low-calcium medium
were microinjected with a cDNA expressing a dominant
negative form (K44A) of dynamin. In noninjected cells, ves-
icle formation was observed in ;50% of cells after switching
of cells to low-calcium medium. In cells expressing the dom-
inant negative form of dynamin, we observe a marked de-
crease in numbers of cells forming cadherin-positive vesicles
(10%; Figure 12, D and E). Thus, expression of dominant
negative dynamin inhibits Rac1-mediated disruption of cell
junctions, indicating that the disruption of junctions and the
internalization of cadherin are not separate events.
Figure 12. Rac1–induced vesicle formation
is a clathrin-independent mechanism. Kera-
tinocytes cultured in normal growth medium
(,60 cells/colony) were coinjected with
pCDNA-GFP-L61Rac1 (A) and a cDNA ex-
pressing a dominant negative form of dy-
namin I (K44A; B) and left for 16 h before
fixation. Expression of injected constructs
was visualized by expression of GFP (A) and
staining for dynamin (B). Distribution of E-
cadherin was visualized using a polyclonal
pan-cadherin antibody (C). In a separate ex-
periment, keratinocytes were microinjected
with a DNA construct expressing dominant
negative form of dynamin I (K44A) and cul-
tured overnight in normal growth medium to
allow expression, before being switched to
low-calcium medium for 4 h. Cells were fixed
and stained for dynamin to detect expression
of the dominant negative dynamin construct
(D) and E-cadherin using a polyclonal pan-
cadherin antibody (E). To analyze distribu-
tion of clathrin and caveolin, keratinocytes
microinjected with pCDNA-GFP-L61Rac1
were stained with antibodies to clathrin (F)
and caveolin (H). Expression of GFP-L61Rac1
was visualized by GFP expression (G and I).
Keratinocytes (,60 cells/colony) were also
cultured in low-calcium medium for 4 h to
induce vesicle formation, fixed, and stained
with an antibody to caveolin (J).
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In addition to its well-documented role in clathrin-medi-
ated endocytosis, dynamin has more recently been impli-
cated in internalization of caveolae (Henley et al., 1998;
Dessy et al., 2000). When cells expressing GFP-L61Rac1 were
stained with antibodies to clathrin and caveolin, colocaliza-
tion of caveolin, but not clathrin, and GFP-L61Rac1 was
observed around vesicles (Figure 12, F–I). Similarly, when
vesicle formation was induced by culturing keratinocytes
(colony size , 60) in low-calcium medium, we observed
strong localization of caveolin around these vesicles (Figure
12J). Taken together, these results argue for a caveolin-
dependent, clathrin-independent mechanism of E-cadherin
endocytosis.
DISCUSSION
In this article we have studied the role of Rac1 in redistri-
bution of E-cadherin from adherens junctions in human
keratinocytes. We have demonstrated that activation of Rac1
regulates cell–cell junctions in SCC12f keratinocytes through
internalization of E-cadherin–catenin complexes. As a con-
sequence, levels of E-cadherin at the cell surface are de-
pleted, resulting in destabilization of cell junctions. This is
consistent with the observation that levels of E-cadherin on
the cell surface regulate adhesiveness at sites of cell–cell
contacts (Yap et al., 1997). Reduction of extracellular levels of
calcium is known to disrupt cell–cell adhesion, and we
observe similar E-cadherin–containing vesicles in these
cells, the formation of which is dependent on endogenous
Rac activity. Regulation of E-cadherin endocytosis by small
GTPases has previously been examined in MDCK cells
where, in contrast to our data, HGF-induced coendocytosis
of E-cadherin and c-Met was inhibited in cells expressing
dominant active forms of RhoA or Rac1 (Kamei et al., 1999).
This discrepancy is not surprising because the role of Rac1 in
regulating cell–cell adhesion has been shown to be depen-
dent on both cell type and cell context (Hordijk et al., 1997;
Takaishi et al., 1997; Potempa et al., 1998; Braga et al., 1999).
In our study, the increased internalization of cell surface
E-cadherin in response to constitutively active Rac1 is con-
sistent with its effects on down-regulation of cell–cell adhe-
sion in SCC12f cells.
Characterization of the Rac1-induced vesicles revealed
that they are endosomal in nature with colocalization of
GFP-L61Rac1 and EEA1, an early endosome marker, around
some of the vesicles. The absence of markers specific for late
endosomes and lysosomes suggests that these vesicles are
not fated for degradation, and this is supported by the
observation that transferrin receptor, a marker for recycling
endosomes, tightly colocalized with GFP-L61Rac1 around
the majority of the vesicles. Consistent with this, Le et al.
(1999) demonstrated that a surface pool of E-cadherin is
constantly endocytosed and recycled back to the plasma
membrane in MDCK cells.
We have shown that activated Rac1 colocalizes with actin
around some, though not all of the vesicles, and some of the
Rac-induced vesicles were unaffected in cytochalasin
D–treated cells. In addition, the Rac effector mutant defec-
tive in actin reorganization was incapable of vesicle forma-
tion. Taken together these data suggest that only the initial
steps involved in the process of vesicle formation are depen-
dent on actin. The precise mechanism by which Rac1 exerts
its effects on the actin cytoskeleton to induce vesicle forma-
tion remains unclear. However, our data with the C40 Rac
effector mutant suggests that CRIB domain effectors for Rac1
are not involved in this process.
We suggest that these vesicles arise from a non–clathrin-
dependent mechanism of internalization. Internalization of
transferrin-biotin, which is regulated by a clathrin-depen-
dent mechanism, is down-regulated in response to expres-
sion of GFP-L61Rac1, consistent with a previously published
report in which Rac1 was shown to down-regulate clathrin-
dependent, receptor-mediated endocytosis in HeLa cells
(Lamaze et al., 1996). It is known that clathrin-independent
mechanisms of internalization can be stimulated when clath-
rin-dependent endocytosis is down-regulated (Damke et al.,
1995), and our results suggest an alternative mechanism of
endocytosis. The colocalization of GFP-L61Rac1 and caveo-
lin around these vesicles suggests that caveolae might be
involved in the internalization of E-cadherin. This is sup-
ported by our observation that an inhibitory form of dy-
namin inhibits vesicle formation in our cells. Dynamin has a
well-established role in clathrin-mediated endocytosis but
more recently has also been implicated in internalization of
caveolae (Henley et al., 1998; Schmid et al., 1998; Dessy et al.,
2000). Taken together, this suggests a role for caveolae in the
Rac-mediated uptake of E-cadherin and would be consistent
with recent evidence demonstrating that Rac1 localizes to
caveolae (Michaely et al., 1999). The mechanism by which
E-cadherin endocytosed through a clathrin-independent
mechanism enters a transferrin receptor–positive compart-
ment remains to be resolved.
Our findings suggest that, in preconfluent cells, Rac1 reg-
ulates E-cadherin function but that as cadherin junctions
progressively mature on contact with neighboring cells, this
level of regulation is decreased. This would be consistent
with the cell context–dependent activity of Rac1 reported by
others (Braga et al., 1999). Although we cannot exclude the
possibility that Rac1 activity may be down-regulated in cells
with stable cadherin contacts, this seems unlikely as these
cells display numerous membrane ruffles, to which Rac1 is
localized. Small, preconfluent keratinocyte colonies are very
dynamic structures undergoing a rapid expansion in cell
numbers, with accompanying cell migration as confluency is
reached. By contrast, cells in large colonies are less mobile
because of restrictions in space and the mechanical forces
imposed by adjacent cells. There is evidence to indicate that
lamellae grow by addition of recycled membrane, and exo-
cytosis of internalized membrane has been shown to be
necessary for the formation of new membrane ruffles (Hop-
kins et al., 1994; Bretscher and Aguado-Velasco, 1998). Thus,
one reason why Rac-mediated vesicles occur in small but not
large colonies might be related to the turnover of cell mem-
brane required in the rapidly expanding colonies. This
would also explain why we observe extensive vesicle for-
mation when we disrupt cell–cell junctions by reducing
extracellular calcium or by addition of antibodies to E-cad-
herin. This idea of contact-dependent Rac1 activity would
also explain the observation of E-cadherin–containing vesi-
cles in cells at the free edges of large colonies. Contact-
dependent Rac1 function has potential implications in a
physiological context, for example, during wound healing.
In cells that are part of an intact tissue containing stable
adhesive contacts, rapid remodeling of junctions would not
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be required. However, during wound healing when cells
need to migrate to close the wound, Rac1 could then have a
dual function in down-regulating cell surface cadherins
through endocytosis and remodeling the membrane at free
edges to produce lamellipodia. Because we propose that
cadherins endocytosed in this manner are not fated for
degradation, once contact is made with adjacent cells, adhe-
sion could then be rapidly established by recycling E-cad-
herin to the cell surface. Supporting this is the observation
that in MDCK cells Rac1 promotes either cell migration or
cell–cell adhesion, depending on the extracellular matrix
substrate (Sander et al., 1998).
In summary, our findings have identified that Rac1 regu-
lates adherens junctions through endocytosis of E-cadherin
in an actin-dependent manner. The Rac1-induced endocyto-
sis of E-cadherin occurs via a clathrin-independent mecha-
nism that may involve caveolae. In addition, our data sug-
gest that E-cadherin endocytosed in such a manner is not
fated for degradation but has the potential to be recycled.
This has implications for tissue remodeling events, such as a
wound healing, where dynamic regulation of E-cadherin by
Rac1 would allow the continual disruption and reformation
of cell–cell contacts.
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